Nucleotide sequences of 426 bp from the mitochondrial (mt) cytochrome b genes of six anamorph species and two species of Neosartorya teleomophs of Aspergillus section Fumigati were determined. These sequences were used to build nucleotide-and amino acid-based trees for phylogenetic analysis. Thirteen strains of A. fumigatus including 10 clinical isolates of A. fumigatus, 1 type culture of A. fumigatus var. fumigatus, 1 type culture of A. fumigatus var. ellipticus, and 1 strain of A. fumigatus var. albus, had the same nucleotide sequences. One strain of A. fumisynnematus, two strains labeled A. neoellipticus, two strains of A. viridinutans, and one strain of A. duricaulis had distinct nucleotide and amino acid sequences. Two strains of A. brevipes were divided into two types. One produced a 1,500-bp fragment that included an intron. The nucleotide sequences of its two exons were similar to those of the A. fumigatus, and the derived amino acid sequence was the same as that for A. fumigatus. The other produced a 426-bp fragment and had the same nucleotide and amino acid sequences as A. unilateralis. Neosartorya fischeri var. fischeri and N. stramenia had nucleotide sequences that differed from that of A. fumigatus. These species possessed their own characteristic nucleotide sequences that differed from each other. In comparisons of homologous sequences from four other pathogenic species of Aspergillus, regions specific to section Fumigati were found. The mt cytochrome b gene analysis was valuable for the identification, classification, and phylogenetic analysis of isolates of section Fumigati.
Aspergillus fumigatus is a widely distributed mold which has been isolated from natural and residential environments and which is thought to be the Aspergillus species most pathogenic for humans. It is capable of causing a wide spectrum of human diseases, ranging from allergic bronchopulmonary aspergillosis and aspergilloma to invasive aspergillosis and systemic infection due to hematogenous dissemination. Infection in the immunocompromised host is often fatal (2, 3, 11, 14, 35) .
A. fumigatus infections are usually detected by standard cultural and/or histological methods. The organism is identified on the basis of its morphological features. This species, however, is morphologically more variable than the species description of Raper and Fennell (31) would indicate. Clinical isolates can be remarkably different from food-or soilborne isolates, showing, for example, more floccose growth with fewer conidia (15, 24, 33) . Species closely related to A. fumigatus, such as A. neoellipticus (A. fumigatus var. ellipticus), Neosartorya pseudofischeri, and N. fischeri, rarely cause infectious diseases (16, 18, 29, 30, 34) . It is medically and mycologically important to identify these species and to understand their phylogenic relationships. At present, however, the relationships among taxa in section Fumigati remain unclear. For example, taxonomic questions about the relationship of A. fumigatus to A. neoellipticus remain to be solved, as do questions about the taxonomic states of A. brevipes, A. duricaulis, and A. unilateralis.
The mitochondrial (mt) cytochrome b gene has been used to study the evolution and phylogenetic relationships of many animals, such as birds, mammals, and fish (1, 5, 7, 8, 12, 13, 20, 21, 23) , although the sequence of this gene has been determined for only six species of fungi before our study (36) . We have previously demonstrated that the mt cytochrome b gene region is very powerful and useful for the identification, classification, and phylogenetic analysis of pathogenic Aspergillus species (36) .
The purpose of this study was to determine the sequences of the mt cytochrome b genes of A. fumigatus strains from clinical and nonclinical sources and to compare them with sequences from related species in order to verify the identification of these species and to clarify their phylogenetic relationships.
MATERIALS AND METHODS
Strains and DNA extraction. Twenty-seven strains were used in this study (Table 1) . mt DNA extraction was carried out as reported previously (36) .
Primers and PCR amplification. The primer E1m (5Ј-TGAGGTGCTACAG TTATTAC-3Ј) was designed and was used as a forward primer, and primer E2 (5Ј-GGTATAGMTCTTAAWATAGC-3Ј) or rEME2 (5Ј-AAAATAGCATAG AAAGGTAA-3Ј) was used as the reverse primer (36) . The PCR cycling protocol was as follows: each cycle consisted of denaturation for 1 min at 94°C, annealing for 1 min at 50°C, and extension for 2 min at 72°C for 30 cycles (36) .
Sequencing. Both strands of the fragments were sequenced with the Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems Division of Perkin-Elmer Japan Co., Ltd.) on an ABI Prism 377 DNA sequencer with forward primer E1m and reverse primer rEME2 or E2 (36) .
Computer analysis. DNA and amino acid sequences derived from the yeast mt genetic code were aligned and compared by using the GENETYX-MAC program in Genetic Information Processing Software (Software Development Co., Ltd., Tokyo, Japan), and phylogenetic trees were generated by the unweighted pair group method with arithmetric mean (UPGMA). Estimation of phylogenetic relationships was done by using standard errors for each branching point. Standard errors were calculated by the method of Nei (27) . The PAUP program (version 4.0; beta version) was used for the neighbor joining (NJ), maximum likelihood (ML), and maximum parsimony (MP) methods.
Nucleotide sequence accession numbers. The nucleotide sequences of the cytochrome b genes determined in this study appear in the DDBJ, EMBL, and GenBank nucleotide sequence databases under accession nos. AB000566 and AB000567, AB000586 to AB000593, AB025434 to AB025445, and AB026120.
RESULTS
By using the primer pairs designed for the study, the 426-bp (E1m-rEME2) or 437-bp (E1m-E2) fragments were amplified from all strains tested except one strain of A. brevipes, strain IFO 5821, which showed an approximately 1,500-bp fragment.
The 402-bp nucleotide sequences excluding the uncertain parts of the primer sequence and the 132-residue derived amino acid sequences were aligned ( Fig. 1 and 2 ).
The tree obtained by UPGMA was compared with the other three trees (those obtained by NJ, ML, and MP methods). In some cases the tree obtained by UPGMA and the trees obtained by other methods were different, and those obtained by the other methods were not as good as that obtained by UPGMA (the trees obtained by the other methods are not shown). The nucleotide-and amino acid-based trees were built by UPGMA ( Fig. 3 and 4) by the use of sequences of the species of section Fumigati and other pathogenic species of Aspergillus (A. terreus, A. flavus, A. niger, and A. nidulans). Table 2 shows pairwise comparisons of the numbers of differences in the nucleotide and amino acid sequences between strains.
Alignment of the nucleotide sequences showed that individual species possessed characteristic nucleotide sequences ( Fig.  1 ). On the other hand, regions specific to section Fumigati that were distinct from homologous sequences from four other pathogenic species of Aspergillus (36) were found ( Fig. 1) .
On the basis of the nucleotide sequences, the species of section Fumigati were placed in an independent cluster, and 27 strains were divided into nine types (Fig. 3 On the basis of amino acid sequences, species of section Fumigati again formed a distinct cluster, in contradistinction to the species from other sections (Fig. 4) . A. brevipes IFO 5821, N. stramenia, and N. fischeri var. fischeri had the same amino acid sequences as A. fumigatus. The amino acid sequence of A. brevipes IFM 46976 was identical to that of A. unilateralis.
DISCUSSION
Identification of A. fumigatus is important because it is one of the most important fungal pathogens. The identification of Aspergillus spp. isolated from clinical specimens depends primarily on morphological characteristics. However, morphology is insufficient for the identification of some clinical isolates because of the presence of pleomorphism and the poor development of conidial structure. Therefore, in recent years, some additional methods have been used in the study of A. fumigatus. Burnie et al. (6) used restriction fragment length polymorphism analysis to distinguish clinical isolates of A. fumigatus. They could classify 21 isolates into six types by using XbaI digestion of total cellular DNA (6) . On the basis of secondary metabolite profiles, Frisvad and Samson (15) considered clinical A. fumigatus isolates to be very homogeneous and found that they could not be separated from the ex type isolate or other isolates from soil or foodstuffs. Our results obtained by DNA sequencing of the mt cytochrome b gene showed that tus var. ellipticus (31) has been raised to the species rank as A. neoellipticus on the basis of its distinct smooth-walled and ellipsoidal conidia (22) . Except for its conidial ornamentation, however, it closely resembles A. fumigatus var. fumigatus (15, 33) . Our results showed that the ex type isolate of A. fumigatus var. ellipticus (A. neoellipticus Kozakiewicz) could not be distinguished from A. fumigatus var. fumigatus ( Fig. 1 and 3) . On the basis of morphology, secondary metabolite profiles (10, 15) , DNA complementarity (30) , and isozyme analysis (9) , A. neoellipticus is not distinct from A. fumigatus (9, 10, 15, 30) and the species should be considered a variety of A. fumigatus. Our results also strongly support this view, even though two strains labeled A. neoellipticus were different from A. fumigatus var. fumigatus and from A. fumigatus var. ellipticus CBS 487.65 (ex type). Because the two anomalous isolates had nucleotide and amino acid sequences different from those of CBS 487.65, they appear to represent a new species in the section Fumigati. The mt cytochrome b sequence of A. fumigatus var. albus was also identical to that of A. fumigatus. Kozakiewicz (22) had previously concluded that A. fumigatus var. albus appears to be identical to A. fumigatus var. fumigatus in all respects except for its buff color.
Occasional reports have described Neosartorya species as human pathogens. We also determined the nucleotide sequences of Neosartorya, the sole teleomorphic genus known to have anamorphs in Aspergillus section Fumigati. The three species selected for study included N. fischeri var. fischeri, N. stramenia, and four strains of N. pseudofischeri. N. fischeri and N. stramenia had the same amino acid sequences as A. fumigatus. N. pseudofischeri had an intron. The amino acid sequences of the exons were identical to the exons of labeled A. neoellipticus. Nonetheless, these species of Neosartorya had nucleotide sequences different from each other and also from those of the pathogens A. fumigatus and A. neoellipticus. Therefore, they could be distinguished from A. fumigatus and labeled A. neoellipticus (Table 2 ). N. pseudofischeri was different from A. fumigatus at five base pair positions and from A. neoellipticus at three base pair positions (data not shown).
Concerning A. brevipes, we found that one strain, strain IFO 5821, had an intron. The exon sequences of this strain were
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on October 14, 2017 by guest http://jcm.asm.org/ very similar to the 402-bp sequence of A. fumigatus ( Fig. 3 and  4) , although they contained different base pairs at five positions (Fig. 1) . The derived amino acid sequence from this strain was identical to that of A. fumigatus. On the other hand, the other strain of A. brevipes, strain IFM 46976, had the same nucleotide and amino acid sequences as A. unilateralis. The two strains of A. brevipes were very distant from each other ( Fig. 3  and 4) . On the basis of scanning electron micrographs, Kozakiewicz (22) A  0  2  2  1  3  6  6  0  0  B  5  2  2  1  3  6  6  0  0  C  7  6  2  1  1  6  6  2  2  D  5  6  6  1  3  6  6  2  2  E  4  5  5  1  2  5  5  1  1  F  7  6  4  4  3  7  7  3  3  G  15  12  14  14  13  14  0  6  6  H  15  12  14  14  13  14  0  6  6  I  3  5  6  7  6  7  15  16  0  J  1  4  6  4  3  6  14 A. fumisynnematus IFM 46981 (from Venezuelan soil) was reported by Horie et al. (19) to be a new species of section Fumigati because it was described as differing from A. fumigatus in having small conidial heads, short conidiophores borne on bundles of aerial hyphae or synnemata, and verruculose conidia. Our results support it as a distinct species.
We compared trees obtained by UPGMA and other methods (NJ, ML, and MP methods) assuming no constancy of the evolutionary rate. We preferred the tree obtained by UPGMA for two reasons. First, mt DNA is a favored molecule to be used as a molecular clock for molecular phylogenetic studies (32, 37) . The rate of substitution of bases in cytochrome b genes is in proportion to evolutionary time. If the distance measure used is exactly linear with evolutionary time, that is, the evolutionary rate is constant or mt is used as a molecular clock, UPGMA gives the correct topology and correct branch lengths. Therefore, in this case, UPGMA was advocated for use in reconstructing phylogenetic trees (25, 26, 28) . Second, by UPGMA, section Fumigati constituted a distinct cluster from A. flavus, A. niger, A. terreus, and A. nidulans. A. flavus and A. niger were very closely related in the tree obtained by UPGMA. Samson (33) suggested that these two species are also morphologically closely related and that they could be placed in the subgenus Circumdati. On the other hand, by other methods (e.g., the NJ, ML, and MP methods), section Fumigati did not constitute a distinct cluster or A. flavus and A. niger were very distant from each other.
In conclusion, the mt cytochrome b gene is important and useful for the identification and classification of the pathogenic species A. fumigatus and for clarification of the phylogenetic relationships among the pathogenic species A. fumigatus and related taxa.
